The Organisation for Economic Co-operation and Development has initiated the development of new guidelines for the screening and testing of potential endocrine disruptors. The Hershberger assay is one of the assays selected for validation based on the need for in vivo screening to detect androgen agonists or antagonists by measuring the response of five sex accessory organs and tissues of castrated juvenile male rats: the ventral prostate, the seminal vesicles with coagulating glands, the levator ani and bulbocavernosus muscle complex, the Cowper's glands, and the glans penis. The phase 1 feasibility demonstration stage of the Hershberger validation program has been successfully completed with a single androgen agonist and a single antagonist as reference substances. The phase 2 validation program employs a range of additional androgen agonists and antagonists as well as 5α-reductase inhibitors. Seven Japanese laboratories have contributed phase 2 validation studies of the Hershberger assay using methyltestosterone, vinclozolin, and 2,2-bis (4-chlorophenyl)-1,1-dichloroethylene (p,p´-DDE). The methyltestosterone doses were 0, 0.05, 0.5, 5, and 50 mg/kg/day, and the vinclozolin and p,p´-DDE doses were 0, 3, 10, 30, and 100 mg/kg/day. All chemicals were orally administered by gavage for 10 consecutive days. In the antagonist version of the assay using vinclozolin and p,p´-DDE, 0.2 mg/kg/day of testosterone propionate was coadministered by subcutaneous injection. All five accessory sex preproductive organs and tissues consistently responded with statistically significant changes in weight within a narrow window. Therefore, the Japanese studies support the Hershberger assay as a reliable and reproducible screening assay for the detection of androgen agonistic and antagonistic effects.
Certain reproductive and developmental toxicants may have the potential to interfere with normal sexual differentiation and development in animals and humans by modulating or interfering with the endocrine system (McLachlan 1993; McLachlan and Korach 1995) . The Organisation for Economic Cooperation and Development (OECD) has initiated an activity to revise existing guidelines and develop new screening and testing guidelines to aid in the identification and assessment of such toxicants (OECD 1998 (OECD , 2000 (OECD , 2001 (OECD , 2003 .
One proposed assay, referred to as the Hershberger assay, uses the androgen sensitivity of several accessory sex organs and tissues of the male reproductive tract. The assay was originally developed in the 1930s by Korenchevsky and co-workers, and a number of accessory sex organs and tissues were shown to be useful by these and other investigators, including the ventral prostate (Deanesly and Parkes 1936; Dingemanse et al. 1935; Korenchevsky 1932; Korenchevsky et al. 1932 Korenchevsky et al. , 1933a Korenchevsky et al. , 1933b , the seminal vesicles and coagulating glands (Deanesly and Parkes 1936; Dingemanse et al. 1935; Korenchevsky 1932; Korenchevsky et al. 1932 Korenchevsky et al. , 1933a Korenchevsky et al. , 1933b , the preputial glands (Bülbring and Burn 1935; Korenchevsky 1932; Korenchevsky et al. 1932 Korenchevsky et al. , 1933a Korenchevsky et al. , 1933b , the Cowper's glands (Wainman and Shipounoff 1941) , and the glans penis (Bülbring and Burn 1935; Dingemanse et al. 1935; Korenchevsky 1932; Korenchevsky et al. 1932 Korenchevsky et al. , 1933a Korenchevsky et al. , 1933b . In the 1940s, it was discovered that the levator ani and bulbocavernosus muscles also responded to androgens, but in a different way from the other tissues (Eisenberg and Gordan 1950; Eisenberg et al. 1949; Wainman and Shipounoff 1941) . The basis for this differential sensitivity is the presence of 5α-reductase in most accessory tissues of the male reproductive tract but its absence in the muscle complex (Di Salle et al. 1994) . The capabilities of the assay were demonstrated in 1953 by Hershberger et al. when they analyzed the response of the ventral prostate, seminal vesicles and coagulating glands, and the levator ani without the bulbocavernosus muscle to a number of active chemicals, including estrogens and progesterones (Hershberger et al. 1953) .
In the 1970s and 1980s, with the discovery of the androgen receptor and the first compounds such as cyprotone acetate that were antagonists of the receptor, the assay was modified to address antagonistic activity.
Briefly, a set dose of a reference agonist was coadministered to several groups of animals that were also administered a set of doses of the purported antagonist. This modified system was successfully used by several investigators for assaying androgen antagonists (Peets et al. 1973; Raynaud et al. 1980 Raynaud et al. , 1984 Wakeling et al. 1981) .
Therefore, based upon the recommendation of scientific workshops, both the U.S. Endocrine Disruptor Screening and Testing Advisory Committee (U.S. EPA 1998) and the OECD Endocrine Disrupter Testing and Assessment Working Group (OECD 2000) have proposed this assay as a Tier 1 screen to identify possible reproductive and developmental toxicants acting through androgen agonist and antagonist mechanisms.
The OECD phase 1 validation program for the Hershberger assay was completed in 2001. In this phase, a standardized protocol using ventral prostate, seminal vesicles with coagulating glands, levator ani and bulbocavernosus muscle complex, Cowper's glands, and glans penis was successfully tested against a reference androgen compound, testosterone propionate (TP), and a reference antagonist, flutamide (OECD 2001) . Therefore, the OECD proposed a phase 2 validation program using additional androgen agonists and antagonists as the next step to validate the assay.
In phase 2, the selected androgens were methyltestosterone (MT) and trenbolone; the selected antagonists were vinclozolin (VCZ), procymidone, linurone, and 2,2-bis (4-chlorophenyl)-1,1-dichloroethylene (p,p´-DDE); and the 5α-reductase inhibitor was finasteride. These test substances will be used to investigate the reliability of the assay, including a demonstration of the protocol's transferability among laboratories and the reproducibility of the protocol's results. Seven Japanese laboratories participated in the phase 2 validation study that used three of the selected compounds: MT, VCZ, and p,p´-DDE. The participation of the laboratories in the OECD phase 2 validation study was performed as part of a national validation program in Japan. Animals. Laboratory details regarding rat strain, age at castration, number of postoperative acclimation days, age at autopsy, animal diet, and the number of animals housed per cage are summarized in Table 1 . Five laboratories used Crj:CD (SD) (Sprague-Dawley) castrated rats from Charles River Japan, Inc. (Kanagawa/Shiga, Japan) between the ages of 40 and 46 days, and the test substances were administered 7-11 days after castration. Two laboratories used Brl Han: WIST Jcl (GALAS) castrated rats from Japan Clea, Inc. (Tokyo, Japan) between the ages of 40 and 43 days, and the test substances were administered 6 or 7 days after castration. In all of the laboratories, the rats were weighed, weight-ranked, and assigned to each of the experimental and control groups after they had recovered from castration. Body weight and clinical signs were recorded daily throughout the study. Rats were provided with water and a commercial diet (MF or CRF-1, Oriental Yeast Co., Tokyo, Japan) ad libitum. The animals were kept under specific-pathogen-free conditions. The animal room was maintained at a temperature of 23 ± 2°C, a relative humidity of 55 ± 15%, and artificial illumination with fluorescent light on a 12-hr light/dark cycle. All animals were cared for according to the principles outlined in the guide for animal experimentation prepared by the Japanese Association for Laboratory Animal Science (1992) .
Materials and Methods

Laboratories
Chemical administration. Each test chemical was orally administered via a stomach tube for 10 consecutive days at approximately the same time each day. A vehicle control group receiving only corn oil was used in all cases. For the androgen antagonists (VCZ and p,p´-DDE), 0.2 mg/kg/day of TP was coadministered each day by subcutaneous injection in the dorsal region after the oral administration of each chemical. In these cases, a positive control group of animals received TP injections alone. We selected the dose of TP on the basis of OECD recommendations and published data (OECD 2001; Sunami et al. 2000) . The group size in all cases was six rats. For the TP and corn oil solutions containing each of the test chemicals, the volume of corn oil was 5 mL/kg. The MT doses were 0.05, 0.5, 5, and 50 mg/kg/day, and the VCZ and p,p´-DDE doses were 3, 10, 30, and 100 mg/kg/day. All doses were selected based on the results of preliminary, range-finding studies. Yamada et al. (2000) . The liver, paired kidneys, and paired adrenal glands were weighed as optional organs in some laboratories in each assay described in Table 2 . Statistical analysis. Body weight and organ weight data were tested using Bartlett's test for homogeneity of variance. When the variances were homogeneous at the 5% significance level, one-way analysis of variance (ANOVA) was performed. If it yielded significant differences, the differences between the vehicle control group and each of the MT groups or the positive control group and each of the VCZ and p,p´-DDE groups were analyzed by Dunnett's test. When the variances were not homogeneous, the Kruskal-Wallis test was used. If it yielded significant differences, the differences between each group and the corresponding control group were analyzed by the nonparametric Dunnett's test. Log-transformed organ-weight data were also tested by the same method. The coefficient of variance (CV) and R 2 values for the different effects of each compound were also calculated by dividing the sums of the squares of the ANOVA scores for an effect by the total sum of the squares. This calculation provides an estimate of the strength of an effects association with an end point. Data for each end point were also analyzed using a two-way ANOVA, with dosage and laboratory as the main effects, so that the magnitude of the overall dosage and laboratory effects could be determined. For graphic presentation, the sex accessory organ data were normalized to visually compare the shapes of the dose-response curves produced by each laboratory. For this normalization, the control value was set to 100% in the MT assay, and 100% in the TP without VCZ or p,p´-DDE assays. ANOVA was performed on the data from each laboratory and for the pooled laboratory data; these normalized values were not analyzed statistically.
Results
Methyltestosterone. Body weights, clinical observations, and organ weights. The weight changes in optional organs and the body weights on the first day of dosing and at necropsy are shown in Tables 2 and 3 of the rats that were treated with MT. The paired kidney weights increased significantly at 50 mg/kg/day MT in Lab 4, and adrenal weights decreased at the same dose in Lab 4. Accessory sex organ weights. Accessory sex organ weight changes and overall means are shown in Tables 3 and 4 , and normalized organ weight changes are shown in Figure 1 .
For the ventral prostate, the normalized dose-response curves produced by the four laboratories were similar, and the weight change at 50 mg/kg/day MT relative to the vehicle control ranged from 641% to 1,022%. This was the largest weight change observed in any of the examined organs. The R 2 values for effects of treatments (TRT) in the ventral prostate was higher than the respective TRT values for other organs.
The normalized dose-response curves produced by the four laboratories were similar for the seminal vesicle; the weight change ranged from 465% to 707% at 50 mg/kg/day MT relative to the vehicle control.
For BC/LA, the normalized dose-response curves produced by the four laboratories were almost the same, and the weight change at 50 mg/kg/day MT relative to the vehicle control ranged from 226% to 240%.
The normalized dose-response curves produced by the four laboratories were similar for the glans penis, and the weight change at 50 mg/kg/day MT relative to the vehicle control ranged from 150% to 162%. Although the range between the low and high relative weight changes in animals receiving 50 mg/kg/day MT was narrow, the relative weight increase at this dose was the smallest of the weight changes in all of the accessory sex organs that were examined. The average CV for the glans penis was the lowest of all the average values obtained for the other organs. The R 2 values for effects among laboratories (LAB) for the glans penis was the highest value obtained among the accessory sex organs examined in this study. For the Cowper's glands, the normalized dose-response curves produced by the four laboratories were similar, and the weight change ranged from 273% to 417% at 50 mg/kg/day MT relative to the vehicle control.
Vinclozolin. Body weights, clinical general observations, and organ weights. The weight changes in optional organs and the body weight changes for VCZ-treated rats are shown in Tables 2 and 5 . No significant differences in body weight were observed between the positive control group that received TP injections alone and the VCZ group in any of the laboratories. No abnormal clinical signs were observed in any of the rats treated with VCZ plus TP. Weight of the paired adrenal glands increased significantly at 100 mg/kg/day, and no other significant changes were detected in the liver and paired kidneys.
Accessory sex organ weights. Weight changes in accessory sex organs and overall means are shown in Tables 5 and 6 , and normalized organ weight changes are shown in Figure 2 .
For the ventral prostate, the normalized dose-response curves produced by the four laboratories were similar. The ventral prostate weight changes at 100 mg/kg/day VCZ relative to the positive control ranged from 27% to 37%.
The normalized dose-response curves produced by the four laboratories were similar for seminal vesicles. The weight changes at 100 mg/kg/day VCZ relative to the positive control were similar, ranging from 15% to 23%. These values were the lowest of all the values for the accessory sex organs, and the decreasing dose-response curve for the seminal vesicle was sharper than the curves for the other organs.
For the BC/LA, the normalized doseresponse curves produced by the four laboratories were similar, and the weight change at 100 mg/kg/day VCZ relative to the positive control were similar, ranging from 48% to 52%.
The normalized dose-response curves produced by the four laboratories were similar for the glans penis, and the weight change at 100 mg/kg/day VCZ relative to the positive control were similar, ranging from 69% to 73%. The overall CV value was the lowest among the values for the examined accessory sex organs.
The normalized dose-response curves produced by the four laboratories were similar for Cowper's glands. The weight change ranged from 36% to 42% at a dose of 100 mg/kg/day VCZ relative to the positive control.
p,p´-DDE. Body weights, clinical observations, and organ weights. The weight changes in optional organs and the body weight changes for p,p´-DDE-treated rats are shown in Tables 2 and 7 . The body weight decreased significantly in the 100 mg/kg/day group of Lab 5, and a similar (but not significant) tendency was also observed in the 100 mg/kg/day group of Lab 2. No abnormal clinical signs were detected in any of the rats treated with p,p´-DDE plus TP. The liver weights increased significantly at 30 and 100 mg/kg/day in Lab 4. No significant changes were observed in other organs.
Accessory sex organ weights. Weight changes in accessory sex organs and overall means are shown in Tables 7 and 8 , and normalized organ weight changes are shown in Figure 3 .
For the ventral prostate, the normalized dose-response curves produced by the five laboratories were very similar, except for the curve produced by Lab 7 because of the value at 30 mg/kg/day p,p´-DDE. The weight change at a dose of 100 mg/kg/day relative to the positive control ranged from 37% to 62%.
The normalized dose-response curves produced by the laboratories were similar at 10, 30, and 100 mg/kg/day p,p´-DDE for seminal vesicle. The weight change of the seminal vesicles at 100 mg/kg/day relative to the positive control ranged from 23% to 54%. The doseresponse curve for the seminal vesicle was the sharpest of the various curves produced for the accessory sex organs for p,p´-DDE. The TRT in the seminal vesicle was the highest value among the accessory sex organs measured in this study. For BC/LA, the normalized dose-response curves produced by four laboratories were similar. The weight change ranged from 55% to 72% at 100 mg/kg/day p,p´-DDE relative to the positive control.
The normalized dose-response curves were similar in glans penis above a dose of 30 mg/kg/day p,p´-DDE. The weight change at 100 mg/kg/day p,p´-DDE relative to the positive control ranged from 79% to 86%, and this percentage was the highest among the values for the accessory sex organs receiving p,p´-DDE. The CV of the glans penis and the BC/LA were smaller than the values for the other organs. The TRT for the glans penis was the smallest of the values observed among the accessory sex organs in p,p´-DDE-treated rats.
For Cowper's glands, the normalized dose-response curves produced by the laboratories were similar above a dose of 30 mg/kg/day p,p´-DDE. The weight change at 100 mg/kg/day relative to the positive control ranged from 41% to 65%.
Discussion
Seven Japanese laboratories performed the Hershberger assay using MT, VCZ, and p,p´-DDE as part of a national validation program. The weights of all the accessory sex organs from the experimental animals in all the laboratories exhibited significant doserelated changes in the assays using agonistic MT or antagonistic VCZ and p,p´-DDE; the normalized dose-response curves showed that all five tissues reacted in a similar manner for each compound. Furthermore, the weights of all the tissues treated with middle and/or high doses in each assay fell within narrow ranges. Therefore, we consider the Hershberger assay, as proposed by the OECD, to be a good screening assay for detecting the androgen agonistic and antagonistic effects of chemicals.
The OECD proposed TP doses of 0.2 mg/kg/day and 0.4 mg/kg/day to detect antagonistic effects of chemicals based on the data from the OECD phase 1 validation of the Hershberger assay (OECD 2001). In the previous study, we used the 0.2 mg/kg/day dose of TP in Hershberger assays of 30 chemicals based on the OECD draft protocol and found that the accessory sex organ weights of the castrated rats were lower than those of castrated rats given TP, and the weights of these organs in rats given 10 mg/kg/day flutamide plus TP were also lower than in castrated rats given TP (Yamasaki et al. 2003) . In addition, the weights of the accessory sex organs of the castrated rats were lower than those of castrated rats given 0.4 mg/kg/day TP, and their weights were also lower in noncastrated rats than in castrated rats given TP (Yamasaki et al. 2002) . We selected the 0.2 mg/kg/day dose in this study, however, a dose of 0.4 mg/kg/day was used in the phase 2 validation studies except in Japan (OECD 2003) . The sensitivity of this assay of antagonistic chemicals at the 0.2 mg/kg/day and 0.4 mg/kg/day doses needs to be compared. (OECD 2001) . When the overall dose-response curves for agonistic TP were compared, the glans penis was the most sensitive and the seminal vesicle was the least sensitive (OECD 2001) . In the present study, it was difficult to select a particularly sensitive organ from among the five tissues examined in the androgen agonistic MT and antagonistic VCZ and p,p´-DDE assays. In the Hershberger assay using MT, the CV for the glans penis was smaller than that of the other organs, but the TRT of the ventral prostate was the highest among the values measured in the study. On the other hand, the LAB values of the ventral prostate and Cowper's glands were smaller than the values of the other organs, and the percentage weight change relative to the control value at the highest dose was the greatest in the ventral prostate. These findings demonstrate that the ventral prostate was particularly sensitive based on the TRT, LAB, and increasing percentage of organ weight, whereas the glans penis was sensitive based on the CV values. Similarly, the seminal vesicle was sensitive based on the TRT, LAB, and decreasing percentage of organ weight, whereas the glans penis was sensitive based on the CV values in the assays using antagonistic VCZ and p,p´-DDE.
The CV values for the ventral prostate, seminal vesicle, and Cowper's gland were higher than those for the glans penis and BC/LA in the assays for all three chemicals. These organs contain fluid, and the dissection of these organs is technically difficult, compared with that of the glans penis and BC/LA. These technical issues may have influenced the varied CV values obtained for these organs. Furthermore, we did not confirm whether preputial separation had occurred in the rats before castration. Preputial separation has been reported to occur between days 39 and 44 in SD rats (Yamasaki et al. 2001) ; in this study, the castration was performed between days 40 and 46. Thus, the rats used in this study were likely a mixture of animals with or without preputial separation. The castration times may also have influenced the variation in the CV values for each organ.
In the assay using the androgen antagonistic chemicals, slight differences in the normalized response curves for low doses in the p,p´-DDE assay were observed among the laboratories, but the response curves for each organ in the VCZ assay were similar. The fact that the percentages of organ weight relative to the control at high doses in the p,p´-DDE assay were lower than those in the VCZ assay suggests that the androgen antagonistic affinity of p,p´-DDE is weaker than that of VCZ. On the other hand, the organ weights of the rats given only TP varied among the laboratories. The slight variation in responses among the laboratories for the low dose in the p,p´-DDE assay may have been affected by the relationship between the agonistic affinity of TP and the weak antagonistic affinity of p,p´-DDE.
In the phase 1 validation study using TP, the OECD reported that no essential differences were observed when the weights of the fresh and fixed organs were compared (OECD 2001) . Lab 4 weighed the prostate, seminal vesicle, and Cowper's glands after fixation, whereas the other laboratories measured the weights of fresh organs; the changes in organ weight among the laboratories were essentially similar. Therefore, the difference in the weighing method (fresh vs. fixed organs) did not appear to affect the results of the assay. Although the terminal body weights were different between SD and Wistar rats, the responsiveness of these rats to VCZ and p,p´-DDE did not differ in this study. This finding demonstrates that no significant differences exist regarding the use of SD and Wistar rats in the Hershberger assay for the detection of androgen antagonists.
Among the optional organs measured in this study, the weight of the adrenal glands increased significantly in rats given 100 mg/kg/day of VCZ and decreased in rats given 50 mg/kg/day MT. The decrease in adrenal weight may be suppressed by a high dose of Article | Yamasaki et al. 1918 VOLUME 111 | NUMBER 16 | December 2003 • Environmental Health Perspectives androgen in the form of MT, and the adrenal glands may be hypertrophied in response to a high level of antagonist. Increased kidney weights in rats given 50 mg/kg/day of MT and increased liver weights in rats given 30 and 100 mg/kg/day of p,p´-DDE suggested toxic effects. On the other hand, a significant decrease or a tendency to decrease of the body weights in the p,p´-DDE assay was observed by two out of five laboratories; this response was also considered to be a toxic effect of p,p´-DDE.
